O xygen supplementation at atmospheric or high pressure is widely used in clinical medicine to improve oxygen delivery in tissues that are threatened by ischemia, e.g., in unstable angina, myocardial infarction, and stroke. This approach is largely accepted and is supported by several experimental' and clinical studies. 23 In patients with severe peripheral arterial occlusive disease (PAOD), however, a positive effect on the clinical outcome has not been convincingly shown. 4 The systemic vasoconstrictory effects of oxygen inhalation have been well described for decades,5-7 and oxygen-induced decrease of regional blood flow has been clearly demonstrated in various vascular beds, e.g., the brain,89 the heart,120 and the limbs." This vasoconstriction represents an autoregulatory mechanism aimed at preventing an excessive and harmful increase in tissue oxygen tension. The results of several studies have shown that oxygen delivery to the tissues is not increased by oxygen inhalation in normal subjects because of this vasoconstriction. [10] [11] [12] The exact mechanisms by which oxygen induces the vasoconstriction are not completely elucidated. Evidence is adduced that oxygen exhibits a direct constrictory effect on the vascular smooth muscle.7,9,1314 Other mechanisms have also been proposed, such as the release of vasoactive substances from parenchymal cells triggered by changes in tissue oxygen tension13 and modulation by the endothelial cells via prostacyclin synthesis and release. 9 The vascular effects of oxygen in ischemic regions are more conflicting. It has been shown by several authors, using different models and methods, that oxygen may improve perfusion in severely ischemic tissues. It has been postulated that the constriction of normal arteries increases the pressure gradient between normal and ischemic areas, diverting more blood to the threatened zone and consequently preventing or limiting the extent of tissue necrosis.''0, 11"15"16 On the other hand, oxygen administration might induce a further decrease of perfusion in ischemic tissues that may counteract the benefit of the increase of the blood oxygen content."1, '4 Transcutaneous oxygen tension (tc P02) has been used for many years in clinical routine to evaluate the viability of the skin in severely ischemic extremities. More recently, the administration of oxygen at atmospheric pressure has been shown to markedly improve both the sensitivity and the specificity of the measurement. Thus, changes of the tc Po2 with oxygen inhalation have been proposed for diagnostic purposes in by the increase of the tc Po2, is a marker of the severity of the disease'9 and has been shown to be an excellent predictor of the short-term prognosis of severely ischemic limbsV7 and of the outcome of amputations18'20 and arterial reconstructions. 19 The aims of the present study were to investigate the changes of the skin microcirculation in severely ischemic limbs induced by oxygen breathing at atmospheric pressure and to evaluate the relation between these changes and those of the pedal tc Po2. The combination of dynamic capillaroscopy and laser Doppler flowmetry was used to evaluate simultaneously the nutritional and the total skin microcirculation in toes of patients with PAOD, with normal subjects used as a control group.
Methods

Patients and Control Subjects
Seventeen legs of 11 patients with ischemia (severe claudication, n =4; rest pain, n = 6; gangrene, n =1) and 13 legs of eight healthy subjects according to history and physical examination were investigated. All The method is shown in Figure 1 and has been described in detail elsewhere. 22 
Investigating Procedure
The patients were resting comfortably in the supine position for 20 minutes before the measurements started. The legs were placed in a flexed position over a support for the great toe to be in a favorable horizontal position on the microscope stage (Figure 1 ). Great care was taken to avoid impairment of the blood supply to the leg. The skin temperature, CBV, and LDF (see Figure 1) Oxygen inhalation induced changes of the cutaneous blood flow in all toes of the patients. However, the changes consisted in either a decrease ( Figure 4A ) or an increase ( Figure 4B) Table 2 . All except two tracings could be clearly analyzed. A large-wave flow motion activity was observed in all toes of the normal subjects for both the CBV and LDF. In the PAOD patients, the prevalence of the large waves was significantly decreased only in the LDF curves (8 of 15,p<0.01) and was lower in the 0-than in the 0+ group (16% versus 77%; NS). In both the normal subjects and the patients, no significant correlation was observed between CBV and LDF flow motion patterns regarding frequency and synchrony. In some patients, the discrepancy between the rhythmical oscillations of the CBV and LDF was striking. This is illustrated in Figure 6 , where marked rhythmic oscillations of the CBV can be seen with a completely flat LDF curve.
No small waves were observed in the control group, but the prevalence of these small waves was 58% in the patients. In the present study, baseline CBV was found to be significantly lower in toes of patients with PAOD than in normal subjects. In addition, the total skin microcirculation, as evaluated by the laser Doppler technique, was somewhat but not significantly reduced in the patients, which is consistent with earlier results. [24] [25] [26] There was a dose-dependent reduction of the blood flow in the normal skin during oxygen breathing, in agreement with the vasoconstrictor effects of oxygen reported in the literature.38lO0,12.27,2 The magnitude of the reduction of flow (CBV, -29% and LDF, -41%) was larger than that reported in the forearm with pure oxygen (-11.2% and -20.1% at 1 and 2 atmospheres, respectively),11 but it was similar to the reduction observed in normal forefoot (43%)28 at 2 atmospheres. One explanation for these discrepancies may be that forearm and calf blood flow is mainly muscular, and this is much less influenced by oxygen breathing than skin blood flow, which constitutes most of the flow that is measured at the forefoot.28 This view is supported by the twofold difference reported by Schraibman and Ledingham28 between the reduction of the flow measured at the calf and at the forefoot (21% versus 43%).
Oxygen breathing induced changes of the skin blood flow in all the legs of the patients. In contrast to the control subjects, however, the changes consisted of a marked and significant augmentation of the skin flow in seven extremities and a moderate reduction of the flow in 10 others. Such a "paradoxical" increase of the flow in ischemic tissues during oxygen administration has been previously reported in brain9,29 and extremities'1 28 and hypothesized in heart.1'3 Direct or indirect evidence that oxygen may produce such a "paradoxical" increase of the blood flow in severely ischemic areas has been provided in various vascular beds by means of different methods. Schraibman and Ledingham28 measured the blood flow at the forefoot and reported an increase of flow in two of six patients with rest pain and/or gangrene. The flow also decreased in the four others, but markedly less than in the control subjects (13% versus 43%). Similar findings were reported by Fredenucci,15 who measured an increase of the pulse amplitude of the great toes in 42 of 104 patients with PAOD during hyperbaric oxygen administration. A vasoconstriction was seen in only 22 patients. In the present study, direct evidence of a "paradoxical" increase of the skin blood flow was found in seven of the toes in patients with PAOD. A reduction of flow was still observed in the 10 other limbs, but the magnitude of the change was much less for both the CBV and LDF compared with the normal legs, in agreement with the results of Schraibman and Ledingham28 and Fredenucci.15 One important finding was the augmentation of the blood flow, which was larger in the nutritional capillaries than in the nonnutritional skin vessels (52% versus 21%; NS), as evaluated by the CBV and LDF, respectively. These results suggest that oxygen inhalation may induce a significant augmentation of the blood flow in the skin of severely ischemic toes. This increase of the skin flow is likely to result from an increased pressure gradient between ischemic and normal tissues resulting from the ent study, however, the same capillary was monitored oxygen-induced vasoconstriction in the latter. In the during the whole investigation, the laser Doppler probe legs with moderate ischemia, where the reactivity of the was not moved, and skin temperature was stable during microvasculature is impaired but not Since the 0-and 0+ groups were comparable in Po2 changes and both great toe systolic blood pressure regard to these parameters, we do not feel that our and severity of arteriographic lesions (Figure 3 ). Conconclusions may be invalidated. Furthermore, the fact sequently, it may be concluded that oxygen induced an that the 0+ group behaves similarly to the control increase of the blood flow only in toes of legs with the group suggests that cardiovascular risk factors only most severe ischemia.
weakly influenced the oxygen-induced response. There are, however, two possible limitations to this
The flow motion activity was impaired in the patients conclusion. One refers to the variability of the techwith PAOD, and the modifications of the patterns are in niques used. Indeed, CBV depends on several factors, full agreement with previous studies.23 24 Small waves e.g., skin temperature and vasomotion, and may vary were observed with a high prevalence (58%) in the considerably from one capillary to another in the same patients, and their presence correlated with the severity area. Similarly, the laser Doppler signal is also depenof the disease. The prevalence of the large flow motion dent on skin temperature and may vary considerably if wave, as evaluated by LDF, was significantly decreased the laser Doppler probe is moved. Consequently, there in the patients. frequency and synchrony between the respective flow motion activities ( Figure 6 ). All these findings indicate that the flow motion activity is preserved longer in the nutritional than in the nonnutritional skin vessels and provide further evidence that the flow motion activities evaluated by CBV and LDF originate from different vascular structures. Oxygen breathing stimulated the flow motion activity of the LDF as indicated by the drastic increase in large-wave prevalence from 53% to 100% ( Figure 4B who used an experimental model in dogs in which the regional blood flow was gradually diminished at increased Fio2 (21% to 100%). It was shown that tc Po2 was dependent primarily on oxygen arterial tension at relatively preserved flow rates (>50% of baseline). At low flow rates (c25%), however, tc Po2 was dependent solely on the flow and could not be augmented by an increase of the FiO2. Consequently, and as others have indicated as well,"127 we doubt that the small augmentation of the arterial oxygen content alone explains the increase of the tc Po2 that was observed in some of the patients. In fact, this increase could result from an augmentation of the local blood flow. This view is supported by the results of the present study, which showed that significant oxygen-induced increases of the pedal tc Po2 were associated with decreases in the acral skin flow. As the regulation of the blood flow is locally abolished under the tc Po2 electrode because of the incorporated heating system,4' it may be hypothesized that the flow is diverted from the surrounded vasoconstricted area toward the vasodilated tissue under the tc Po2 electrode. Conversely, the tc Po2 did not change in the feet, showing an increase of the skin blood flow, which suggests that the blood was diverted toward the CBV (mmjs) LDF (AU) ischemic toes instead of under the tc Po2 electrode. Thus, a lack of augmentation of the tc Po2 during oxygen breathing may paradoxically indicate that the skin microcirculation is open to improvement.
We conclude that the inhalation of 40% oxygen induces a decrease of the blood flow in the normal skin microcirculation and an increase of the blood flow in ischemic skin of toes of patients with severe PAOD. Consequently, oxygen delivery to tissues threatened by ischemia may be augmented by oxygen supplementation, which may be of paramount importance in patients with ischemic acral lesions. However, this benefit seems to be restricted to patients who show no significant increase (<10 mm Hg) of their pedal tc Po2 upon oxygen inhalation.
